Pavement cells in cotyledons and true leaves exhibit a jigsaw puzzle-like morphology in most dicotyledonous plants. Among the molecular mechanisms mediating cell morphogenesis, two antagonistic Rho-like GTPases regulate local cell outgrowth via cytoskeletal rearrangements. Analyses of several cell wall-related mutants suggest the importance of cell wall mechanics in the formation of interdigitated patterns. However, how these factors are integrated is unknown. In this study, we observed that the application of exogenous cellulase to hydroponically grown Arabidopsis thaliana cotyledons switched the interdigitation of pavement cells to the production of smoothly elongated cells. The cellulaseinduced inhibition of cell interdigitation was not observed in a RIC1 knockout mutant. This gene encodes a Rho-like GTPase-interacting protein important for localized cell growth suppression via microtubule bundling on concave cell interfaces. Additionally, to characterize pavement cell morphologies, we developed a mathematical model that considers the balance between cell and cell wall growth, restricted global cell growth orientation, and regulation of local cell outgrowth mediated by a Rho-like GTPase-cytoskeleton system. Our computational simulations fully support our experimental observations, and suggest that interdigitated patterns form because of mechanical buckling in the absence of Rho-like GTPase-dependent regulation of local cell outgrowth. Our model clarifies the cell wall mechanics influencing pavement cell morphogenesis.
Introduction
The epidermal pavement cells in the cotyledons and true leaves of most dicotyledonous plants exhibit a distinct interdigitated shape (Panteris and Galatis 2005) . Previous cell morphometric analyses revealed a positive relationship between pavement cell size and cell shape complexity in Arabidopsis thaliana leaves (Staff et al. 2012 , Higaki et al. 2014a ). Additionally, long-term time-lapse imaging analyses determined that dynamic changes in the shape of A. thaliana leaf epidermal cells occurred over a few days, and were accompanied by an increase in cell size (Zhang et al. 2011 , Elsner et al. 2012 , Armour et al. 2015 , Higaki et al. 2016 . Interdigitating cell growth occurs before isotropic cell expansion (Zhang et al. 2011 ). These observations indicate that the jigsaw puzzle-like morphology of epidermal pavement cells develops via rapid cell growth during the early cotyledon and true leaf developmental stages.
The cytoskeleton and its accessory proteins regulate pavement cell morphogenesis (Panteris and Galatis 2005 , Smith and Oppenheimer 2005 , Jacques et al. 2014 . Microtubules restrict local cell outgrowth at indented regions by bundling on the anticlinal surface and focusing at the edge of the outer periclinal surface (Panteris et al. 1993 , Panteris et al. 1994 , Fu et al. 2005 , Fu et al. 2009 , Zhang et al. 2011 . Conversely, actin filaments promote localized cell growth, probably by accumulating at cell protrusion sites (Frank et al. 2002 , Fu et al. 2002 , Frank et al. 2003 , although there are inconsistencies regarding their localizations (Armour et al. 2015) . Therefore, the distribution of actin filaments has not been fully characterized. According to genetic and cell biological analyses, actin-nucleating factors may influence pavement cell morphogenesis (Frank et al. 2002 , Frank et al. 2003 , Zhang et al. 2013 , Rosero et al. 2016 . Pharmacological experiments revealed that microtubules and actin filaments are required for the interdigitation of pavement cells (Akita et al. 2015 , Armour et al. 2015 , indicating the importance of the cytoskeleton in shaping pavement cells. Local activation of two Rho of plants (ROP) GTPases (i.e. ROP2 and ROP6) has been proposed as a key molecular mechanism regulating pavement cell interdigitation (Fu et al. 2005 , Xu et al. 2010 . In this hypothetical model, ROP2 and its interacting protein, RIC4, induce the formation of diffuse actin filaments that promote cell outgrowth (Fu et al. 2002) . Additionally, ROP6 and its effector, RIC1, promote the ordering of cortical microtubules to suppress outgrowth (Fu et al. 2009 ), which depends on the activity of the microtubule-severing protein katanin (Lin et al. 2013) . The activation of ROP2/ROP6 is regulated by auxin concentrations in the extracellular space (Xu et al. 2010) . This regulatory activity occurs via a cell surface auxin perception complex that includes auxin-binding protein 1 and a plasma membranelocalized transmembrane kinase receptor-like kinase, which transmits the extracellular auxin signal (Xu et al. 2014 ). However, this scheme is controversial because of recent findings that the complete loss-of-function abp1 mutants, which were produced using gene editing technology, develop normally, which is inconsistent with the findings of a previous study . Researchers have also independently concluded that embryo-lethal phenotypes in traditional abp1 mutants are caused by a deletion of the neighboring gene, BELAYA SMERT , Michalko et al. 2015 .
Cell wall mechanics are important for pavement cell morphogenesis (Geitmann and Ortega 2009 , Szymanski and Cosgrove 2009 , Hamant and Traas 2010 , Szymanski 2014 . The rsw2/kor1 mutant A. thaliana plants produce simpler shaped leaf pavement cells than the wild-type plants, and also have considerably lower cellulose contents (Nicol et al. 1998 , Zuo et al. 2000 , Lane et al. 2001 . RSW2/KOR1 encodes an endo-1,4-b-D-glucanase that forms part of the cellulose synthase complex (Vain et al. 2014) . The knockdown of RSW1/CesA1, which encodes a cellulose synthase catalytic subunit, results in the production of cotyledon epidermal cells with relatively simple shapes (Arioli et al. 1998 , Burn et al. 2002 . Plants carrying the missense mutant allele anisotropy1 also produce cotyledon epidermal cells with simple shapes (Fujita et al. 2013 ). These reports indicate that cell wall stiffness, which is established by cellulose integrity, is crucial for pavement cell interdigitation. However, the relationship between the regulation of local cell growth by the ROP-cytoskeleton system and cell wall integrity during pavement cell morphogenesis has not been characterized.
In this study, we observed that the application of exogenous cellulase induced cell elongation with reduced cell interdigitation in wild-type A. thaliana cotyledon epidermal cells. Interestingly, the knockout of RIC1, which encodes an effector of ROP6, resulted in interdigitated patterns even in the presence of cellulase. To characterize pavement cell morphogenesis, we developed a mathematical model that considers cell growth, restriction of global cell growth orientation, and regulation of local cell outgrowth mediated by the ROP-cytoskeleton system. Our computational simulations reproduced realistic interdigitation patterns observed in wild-type and ric1 mutant plants. Our findings and model will increase our understanding of the mechanisms regulating pavement cell morphogenesis.
Results

Effects of cellulase treatment on the morphology of Arabidopsis thaliana cotyledon epidermal cells
Around the time of germination, most A. thaliana cotyledon epidermal cells are rectangular. However, they eventually become interdigitated pavement cells mainly in flattened fanlike expanded regions, or smoothly elongated pavement cells in elongated epidermal tissues near the petiole (Fig. 1) (Lee et al. 2006 ). These observations imply that there is an exclusive relationship between cell interdigitation and cell elongation during cotyledon epidermal histogenesis.
To assess the importance of cellulose integrity for cell interdigitation and elongation, hydroponically cultured A. thaliana seedlings were treated with cellulase Y-C (hereafter referred to as cellulase). Before analyzing cell shapes, we evaluated the effects of cellulase on the number and size of cells. To obtain high-quality cell contour images, cotyledons were sampled from seedlings producing the plasma membrane marker green fluorescent protein (GFP)-PIP2a (Cutler et al. 2000) . Seedlings were grown in a solution with or without cellulase for 2, 4 and 7 days after sowing (DAS) ( Fig. 2A) , and then observed using a confocal laser scanning microscope. The cell contours on the whole abaxial epidermal surface were manually traced. Additionally, the cotyledon area, number of cells and cell area were analyzed ( Fig. 2B-D) . The cellulase treatment significantly decreased cotyledon area at 4 DAS in a dose-dependent manner. However, there were no differences in cotyledon area between the cellulase-treated and untreated plants by 7 DAS (Fig. 2B) . This observation implies that the number or size of cells increased between 4 and 7 DAS. At 4 DAS, the number of cells significantly decreased in a cellulase dose-dependent manner (Fig. 2C) . Even at 7 DAS, the mean number of cells in cellulase-treated cotyledons tended to be lower than that in the controls (Fig. 2C) . However, the cellulase-treated cotyledon cells tended to be larger than the control cells between 4 and 7 DAS (Fig. 2D) , suggesting that the recovery of cotyledon size mainly resulted from an increase in the size of pavement cells.
To evaluate the quantitative effects of cellulase on cell shapes, we analyzed the geometry of segmented pavement cells, which were defined as cells with an area >400 mm 2 . To evaluate cell elongation, we used the cell aspect ratio, which is a morphometric parameter that is defined as the ratio of the major axis length to the minor axis length of the fitted ellipse (Fig. 3A, top) . Interestingly, cellulase treatment resulted in a significant increase in this ratio at 4 and 7 DAS (Fig. 3B) , indicating that the enzyme enhanced cell elongation. To evaluate cell interdigitation, we measured cell solidity, which is defined as the ratio of the cell area to the convex hull area (Fig. 3A,  bottom) . Smooth and indented cell shapes result in high and low ratios, respectively. Cellulase treatment significantly increased solidity, leading to smooth-shaped pavement cells (Fig. 3C) . These results indicate that a hydroponic culture with cellulase for 7 d effectively induces pavement cell elongation with the production of a smooth lateral cell wall in wildtype A. thaliana cotyledons. To visualize the distribution of cells, we conducted an image clustering analysis (Higaki et al. 2010 , Higaki et al. 2012b ) based on the cell area, aspect ratio and solidity. The clustering of >380,000 cells from five independent cotyledons of seedlings treated with cellulase (0, 0.1 and 1.0%) and at each time point (2, 4 and 7 DAS) revealed that large pavement cells were typically either smoothly elongated or interdigitated ( Supplementary Fig. S1 ). Smoothly elongated cells were enriched in cellulase-treated samples (i.e. cellulasefree, 26%; 0.1% cellulase, 28%; 1.0% cellulase, 46%), while interdigitated cells were enriched in cellulase-free samples (i.e. cellulase-free, 46%; 0.1% cellulase, 42%; 1.0% cellulase, 12%). These two cell groups were detected mainly in cotyledons at 7 DAS ( Supplementary Fig. S2 ), and less frequently at 2 and 4 DAS ( Supplementary Fig. S3 ). Analyses of cell distributions confirmed that smoothly elongated cells were located in the basal region of control cotyledons (cellulase-free), and within the mid-/tip-zone instead of in interdigitated cells in the cellulase-treated cotyledons ( Fig. 3D; Supplementary Fig. S2 ).
Cellulase treatment resulted in rearranged cortical microtubules
In the interdigitated epidermal cells of control cotyledons (cellulase-free), cortical microtubules labeled with GFP-tubulin were longitudinally aligned at 4 DAS (Fig. 4A, top left) . At 7 DAS, the ordered microtubules were frequently located in concave regions (Fig. 4A , bottom left, arrows), which is Data are presented as the mean ± SD from five independent seedlings. Significance was determined using Mann-Whitney's U-test (*P < 0.06, **P < 0.03). consistent with the findings of previous studies (Panteris et al. 1993 , Panteris et al. 1994 , Fu et al. 2005 , Fu et al. 2009 , Zhang et al. 2011 . In contrast, the smoothly elongated cells produced following cellulase treatments were not oriented in an organized pattern at 4 DAS (Fig. 4A, top right) . These cells were relatively small, with a smoother and more elongated shape than the control cells ( Supplementary Fig. S4 , 4DAS). At 7 DAS, the area of the smoothly elongated cells was similar to that of the control cells ( Supplementary Fig. S4 , 7DAS), and transversely oriented cortical microtubules were frequently observed (Fig. 4A, bottom right) . To evaluate microtubule orientations quantitatively, we used a previously described image processing technique (Ueda et al. 2010) . We photographed the mid-/tip-zone of cotyledons treated with or without cellulase, and analyzed the GFP-tubulin images of 15 independent cells from both groups. After the automatic segmentation of microtubules in the same sample sets, we measured two metric parameters (i.e. parallelness and mean angle against the major cell axis) (Ueda et al. 2010 ).
Parallelness indicates the uniformity of the microtubule orientations. Its value is highest (i.e. 1) when microtubules are perfectly parallel, while completely random orientations result in the lowest value (i.e. 0). The mean angle against the major cell axis represents the microtubule orientation. The highest (i.e. 90
) and lowest (i.e. 0 ) values for this parameter occur when microtubules exhibit perfect transverse or longitudinal orientations, respectively. Measurements and statistical analyses revealed that the parallelness of the segmented cortical microtubules in smoothly elongated cells was significantly lower than that in interdigitated cells at 4 DAS, but higher at 7 DAS (Fig. 4B ). Significant differences in the mean angle of the microtubules against the major cell axis were observed between interdigitated and smoothly elongated cells at 7 DAS, but not at 4 DAS (Fig. 4C) . These results suggest that cellulase treatments randomized cortical microtubule orientations at 4 DAS. However, at 7 DAS, the cortical microtubules were transversely organized, which may have influenced the cell elongation process. The aspect ratio of a cell is defined by the fitted ellipse shown in red. Long purple and short green lines indicate the major and minor axes of the fitted ellipse, respectively. The aspect ratio was defined as the ratio of the major axis length to the minor axis length. Solidity was defined as the ratio of cell area to the area of the convex hull (blue closed curve). The solidity value decreases as cell interdigitation proceeds. (B, C) Cell shape analysis of cotyledon abaxial pavement cells treated with 0 (blue), 0.1% (yellow) or 1.0% (orange) cellulase Y-C. Mean values of the pavement cell aspect ratio (B) and solidity (C) at 4 and 7 days after sowing (DAS) are provided. Data are presented as the mean ± SD from five independent seedlings. Significance was determined using Mann-Whitney's U-test (*P < 0.06, **P < 0.03). (D) Representative distribution of smoothly elongated (red) and interdigitated (blue) cells in 7-day-old cotyledons treated with 0 (left), 0.1% (middle) or 1.0% (right) cellulase Y-C. Smoothly elongated and interdigitated cells were defined by cell shape metricsbased clustering analysis (see also Supplementary Figs . S1-S3). Scale bar = 500 mm.
RIC1 is required for cellulase-induced decreases in cell interdigitation
The cellulase-induced changes in cell shape and microtubule orientation resembled the published phenotype of RIC1-overexpressing plants (Fu et al. 2005) . We examined the effects of RIC1 overexpression on cellulase-induced changes in pavement cell morphology. The contours of the cotyledon epidermal cells were determined by staining the plasma membranes of wildtype Col-0 and RIC1-overexpressing transgenic plants with the FM4-64 fluorescent dye ( Fig. 5A ; Supplementary Fig. S5 ). At 7 DAS, the cotyledon area of wild-type samples was similar under cellulase-free and 1.0% cellulase treatment conditions (Fig. 5D , wild-type). However, the number of cells decreased (Fig. 5E , wild-type) and the cell area increased (Fig. 5F , wild-type), similar to the plants expressing GFP-PIP2a ( Fig. 2B-D) . In the RIC1-overexpressing plants, cellulase treatments did not affect cotyledon area (Fig. 5D , RIC1 OX), cell number (Fig. 5E , RIC1 OX) or cell area (Fig. 5F , RIC1 OX). We observed that treating wild-type plants with cellulase for 7 d resulted in the production of elongated pavement cells with smooth lateral cell walls (Fig. 5B , wild-type; Supplementary Fig. S6 , wild-type), which was similar to the findings for plants expressing GFP-PIP2a (Fig. 3D) . In contrast, although cell width decreased slightly, there were no major changes to cell shape in the RIC1-overexpressing plants ( Supplementary Fig. S7 ). In contrast, the cell solidity of large pavement cells exhibited differential responses to cellulase treatments. The cells of the wild-type samples transitioned from interdigitated shapes to smooth cell shapes, while the cells of the RIC1-overexpressing plants remained smooth (Fig.  5H) . These results suggest that RIC1 overexpression masked cellulase-induced decreases in cell interdigitation.
Next, we analyzed RIC1 (ric1-1; Fu et al. 2005 ) and KTN1 (ktn1-2; Nakamura et al. 2010) knockout mutants. KTN1 encodes the microtubule-severing protein katanin, and its activity may be regulated by RIC1 (Lin et al. 2013) . The mutants were investigated to determine whether RIC1 and katanin influence cellulase-induced cell morphological changes. As previously reported for cotyledons grown on agar plates (Lin et al. 2013) , the neck region of cotyledon pavement cells from the mutants grown in a hydroponic culture system was wider than that of the wild-type cotyledons ( Supplementary Fig. S8 ). The cell contours were visualized with FM4-64 ( Fig. 6A; Supplementary Figs. S9 , S12A). In the wild-type Col-7 plants, cellulase treatments did not affect cotyledon area (Fig. 6D , wild-type), but resulted in fewer cells (Fig. 6E , wild-type) and a larger cell area (Fig. 6F , wildtype) than untreated plants at 7 DAS. These results were similar to those of the GFP-PIP2a (Fig. 2B-D) and wild-type Col-0 plants ( Fig. 5D-F) . In the ric1-1 and ktn1-2 mutants, the cellulase-induced decrease in the number of cells was not significant (Fig. 6E, ric1-1; Supplementary Fig. S12E , ktn1-2), while the increase in cell area was (Fig. 6F, ric1-1; Supplementary Fig.  S12F, ktn1-2) . Additionally, the cotyledon area was not significantly different in the untreated plants and those treated with 1.0% cellulase (Fig. 6D, ric1-1; Supplementary Fig. S12D , ktn1-2). The cell aspect ratios and cell solidity values revealed that the wild-type Col-7 plants produced smooth elongated cells (Fig. 6B, C , G, H, wild-type; Supplementary Fig. S10 , wild-type; Supplementary Fig. S11 , wild-type), similar to the GFP-PIP2a (Fig. 3B-D) and wild-type Col-0 plants (Fig. 5B, C , G, H; Supplementary Fig. S6 , wild-type; Supplementary Fig. S7 , wild-type). Interestingly, the cells of the ric1-1 mutant plants exhibited interdigitated patterns, even after cellulase treatments (Fig. 6B, ric1-1; Supplementary Fig. S10, ric1-1 ). In the ktn1-2 mutants, cellulase treatments resulted in minimal changes to pavement cell shapes ( Supplementary Fig. S10 , ktn1-2; Supplementary Fig. S12B, ktn1-2) . The cell aspect ratio of the shown. Data are presented as the mean ± SD from five independent seedlings. Significance was determined using Mann-Whitney's U-test (*P < 0.06, **P < 0.03). (G-I) Analysis of the shapes of pavement cells on the abaxial surface of cotyledons treated with 0 (blue) or 1.0% (orange) cellulase Y-C. Mean values for the pavement cell aspect ratio (G), solidity (H) and circularity (I) 7 d after sowing are provided. Data are presented as the mean ± SD from five independent seedlings. Significance was determined using Mann-Whitney's U-test (*P < 0.06, **P < 0.03).
large pavement cells indicated that cellulase treatments significantly promoted cell elongation in ric1-1 and ktn1-2 plants (Fig.  6C , G, ric1-1; Supplementary Fig. S11 , ric1-1 and ktn1-2; Supplementary Fig. S12C, G, ktn1-2) . In contrast, solidity measurements revealed that cell interdigitation in ric1-1 plants was insensitive to cellulase treatments (Fig. 6H, ric1-1) . The pavement cells of the ktn1-2 mutants exhibited limited interdigitation, even in the absence of cellulase, and the smooth cell patterns were unaffected by cellulase ( Supplementary Fig.  S12H , ktn1-2).
We observed that cellulase treatments promoted cell elongation without affecting the interdigitated patterns in ric1-1 mutant plants (Fig. 6G, H, ric1-1) . These results suggest that longer lateral cell walls were produced in ric1-1 plants than in wild-type plants following cellulase treatments. To confirm this, we measured the circularity of pavement cells to examine the changes in the length of lateral cell walls per unit of cell area in response to cellulase. A value of 1.0 indicates a perfect circle. The value decreases as the lateral cell wall lengthens. Measurements revealed that cellulase treatment shortened Data are presented as the mean ± SD from five independent seedlings. Significance was determined using Mann-Whitney's U-test (*P < 0.06, **P < 0.03). (G-I) Analysis of the shapes of pavement cells on the abaxial surface of cotyledons treated with 0 (blue) or 1.0% (orange) cellulase Y-C. Mean values for the pavement cell aspect ratio (G), solidity (H) and circularity (I) 7 d after sowing are provided. Data are presented as the mean ± SD from five independent seedlings. Significance was determined using Mann-Whitney's U-test (*P < 0.06, **P < 0.03).
the lateral cell wall in wild-type Col-7 plants (Fig. 6I, wild-type) . A similar tendency was observed for the wild-type Col-0 plants (Fig. 5I, wild-type) . In contrast, cellulase treatment lengthened the lateral cell wall in ric1-1 mutants (Fig. 6I, ric1-1) , which was expected. No changes were observed in RIC1-overexpressing (Fig. 5I , RIC1 OX) and ktn1-2 mutant plants ( Supplementary  Fig. S12I, ktn1-2) . These results raise the possibility that the overgrown lateral cell wall produces a compressive force because of geometric constraints, ultimately causing the cell wall to buckle, which results in cell interdigitation in ric1-1 plants.
A mathematical model reproduced morphological responses to cellulase in wild-type and ric1-1 plants Buckling is associated with mechanical instability generated by the compression of a chain or sheet, and has recently attracted attention for its potential effects on organogenesis and histogenesis during animal development (Savin et al. 2011 , Shyer et al. 2013 , Budday et al. 2014 , Shyer et al. 2015 , TakigawaImamura et al. 2015 . We analyzed cell wall bending using a mathematical model incorporating cell growth, cell wall mechanics and previous knowledge concerning the mechanisms regulating cell shape. In this two-dimensional model, cell shape is represented by a lateral cell wall and cell contents (protoplasm), which were described as plane closed curves composed of serially linked particles (Fig. 7A, small circles) and particles in the closed curves (Fig. 7A, large green circles) . The lateral cell wall is shared between adjacent cells. Thus, both sides of the wall were described by distinct closed curves (Fig. 7A) . Bending elasticity of the lateral cell wall was introduced to express the smooth contours of the cells (Fig. 7B ) (see also Supplementary Materials and Methods). An increase in cell area was described by adding small particles representing protoplasm at random positions and subsequently increasing their sizes (Fig. 7C ) (see also Supplementary Materials and Methods). The growth of the cell wall was described similarly (Fig. 7D) .
To restrict the global cell outgrowth orientation, which may be mediated by transverse cortical microtubule loops, a transversal attractive force between both sides of the cell wall above the protoplasm was introduced (Fig. 7E ) (see also Supplementary Materials and Methods). This force was assumed to decrease in ric1-1 plants, which contained randomly oriented cortical microtubules (Lin et al. 2013) . Conversely, based on our observations of highly ordered transverse cortical microtubules, this force was assumed to increase in cells treated with cellulase (Fig. 4A, bottom right) . To describe local ROP6/RIC1-mediated cell outgrowth (Fu et al. 2005 , Xu et al. 2010 , Yang and Lavagi 2012 , we also assigned lateral cell wall particles in a patchy distribution as regions drawn inward (Fig. 7F, blue arrows) . According to the findings of Xu et al. (2010) , the sides opposing the ROP6/RIC1 domains correspond to the ROP2 domains, where cell wall growth occurs (and cellular outgrowth dominates) (Fig. 7F ) (see also Supplementary Materials and Methods). We ignored this force for the simulation of ric1-1 plants. The computational simulation of our model successfully reproduced the jigsaw puzzle-like morphogenesis, with appropriately distributed ROP6/RIC1 domains, and the accompanying cell growth (Figs. 7G, 8A ; Supplementary Movie S1).
Under the modeling framework, we determined the impact of RIC1 knockdown by investigating the ROP6/RIC1 domain dysfunction and reduced restriction of global cell outgrowth. Interestingly, the model produced a highly interdigitated pattern ( Fig. 8C; Supplementary Movie S3) . The interdigitation presented in Fig. 8C was caused by mechanical instability resulting from an imbalance between cell wall length and protoplasm volume. This finding implies that the interdigitated patterns observed in ric1-1 plants may be due to cell wall buckling. The decrease in the number of interdigitated cells after cellulase treatments may have been caused by a greater balance between the cell wall and protoplasm. Fig. 8B and D present the simulated effects of cellulase treatment, with increased restriction of global cell growth orientation. The simulations were based on our observations of dominant cortical microtubules transversely oriented in cellulase-treated cells (Fig. 4A, right  bottom) . Additionally, decreased and increased rates of lateral cell wall production (p wall ) corresponding to our measurements (Fig. 6I) were applied to the simulation. In wild-type plants, cell elongation reduced the imbalance between cell wall length and protoplasm volume, resulting in the decreased undulation of the cell wall ( Fig. 8B; Supplementary Movie 2) . In contrast, highly interdigitated patterns occurred in ric1-1 mutants ( Fig.  8D; Supplementary Movie S4) . The results of the simulation were consistent with observations of actual cells (Fig. 6B) , supporting the notion that excessive cell wall growth promotes undulation.
Discussion
Impact of exogenous cellulase on pavement cell elongation and interdigitation
We observed that the application of exogenous cellulase resulted in the production of smoothly elongated cotyledon pavement cells (Figs. 3B, C, 5G , H, wild-type; Fig. 6G , H, wild-type). Although these are seemingly counterintuitive results given the observation of spherical root cells following treatments with cellulase or the cellulose synthase inhibitor isoxaben (Paredez et al. 2008) , they may be a reflection of the variability between different cell types. In fact, the simpler spherical cells are not predominant in cotyledon epidermal cells treated with isoxaben (Sampathkumar et al. 2014) . The cellulase-induced production of smoothly elongated cells was accompanied by decreased cell numbers (Figs. 2C, 5E , 6E, wildtype) and increased cell areas (Figs. 2D, 5F , 6F, wild-type). These morphological changes may occur to ensure the cotyledon continues to expand even with decreased cell division due to cellulase activities. Although it is unclear exactly how exogenous cellulase affects cell wall structures, cell wall integrity is definitely disrupted. Similar to the consequences of the rsw2/ kor1 mutation, the application of exogenous cellulase results in the swelling of the pavement cell wall in A. thaliana cotyledons (Higaki et al. 2016) . Cell wall swelling was also observed in tobacco BY-2 cells cultured at relatively low boron levels (Matoh et al. 2000) and in boron-deficient pumpkin leaf cells (Ishii et al. 2001) . These findings imply that the cross-linked pectic network was disturbed. Therefore, our hydroponic culture using a cellulase solution may mimic conditions in which the cell wall integrity is diminished because of not only external biotic stresses but also nutrient factors.
RIC1 is believed to participate in the ordering of cortical microtubules into their transverse orientations, which restricts cell growth orientation via katanin-mediated severing of microtubules (Lin et al. 2013) . Indeed, randomly oriented cortical microtubules were observed in ric1-1 plants (Fu et al. 2005 , Lin et al. 2013 ). However, cellulase treatments promoted cell elongation even in the absence of RIC1 or KTN1 (Fig. 6C, G, ric1-1; Supplementary Fig. S12C , G, ktn1-2) and during the overexpression of RIC1 (Fig. 5C, G ; RIC OX), suggesting that cellulase influences cell elongation in a RIC1-or KTN1-independent manner. Unfortunately, we have no direct evidence of the mechanism regulating cellulase-induced cell elongation. Our observations of microtubules (Fig. 4) suggest that cellulase may inhibit the ordered bundling of cortical microtubules on lateral surfaces during the initial stages of pavement cell expansion (Fig. 4, top right) . Additionally, the microtubules reorganized into the transversely oriented hoop that restricts global cell growth orientation during the late stages of pavement cell expansion (Fig. 4, bottom right) . The treatment of A. thaliana cotyledon pavement cells with isoxaben was reported to alter cortical microtubules (Sampathkumar et al. 2014) , which supports our hypothesis. Therefore, the other microtubule-associated proteins mediating cell elongation represent potential cellulase targets, which should be identified in future studies.
In contrast to cell elongation, cell interdigitation was unaffected by cellulase in ric1-1 plants (Fig. 6B, H, ric1-1) , indicating that cellulase decreases cell interdigitation in a RIC1-dependent manner. The RIC1-overexpressing plants produced smooth cell shapes even in the absence of cellulase (Fig. 5B, H , RIC OX), which is in agreement with previous findings (Fu et al. 2005) . Additionally, the cells were already completely smooth. Therefore, cell solidity was also not affected by cellulase (Fig.  5B, H , RIC OX). KTN1 is thought to help rearrange microtubules for the interdigitation of pavement cells under the control of RIC1 (Lin et al. 2013) . We revealed that the pavement cell neck regions were wider in the ric1-1 and ktn1-2 mutants than in the wild-type plants ( Supplementary Fig. S8 ), which is similar to the observations of a previous study (Lin et al. 2013 ). However, ktn1-2 plants had higher cell solidity values ( Supplementary Fig. S12H, ktn1-2 ) than the ric1-1 mutants (Fig. 6H, ric1-1 ) regardless of the presence of cellulase. Furthermore, cellulase-induced production of excess lateral cell walls was not observed in ktn1-2 plants ( Supplementary  Fig. S12I, ktn1-2) , in contrast to ric1-1 plants (Fig. 6I, ric1-1) . These results imply that KTN1 is involved in a RIC1-independent pathway that influences pavement cell morphogenesis, at least in our experimental system.
In addition to the role of KTN1, there are two possible hypothetical pathways that mediate cellulase insensitivity in the absence of RIC1. One possibility is that cellulase inhibits the RIC1-dependent microtubule rearrangement involved in cell interdigitation. Although we cannot eliminate this possibility, the independence of RIC1 activities during cellulase-induced cell elongation suggests that RIC1 is not the primary target of cellulase. The other possibility is that cell interdigitation occurs in ric1-1 plants because of the passive waving of an excessively long lateral cell wall. This possibility is supported by circularity measurements (Fig. 6I, ric1-1) , even though cell elongation was up-regulated in a RIC1-independent manner. The results of our model suggest that the cellulase insensitivity of ric1-1 plants is essentially the result of cell elongation being cancelled by the production of excess lateral cell walls (Fig. 8D) . However, the underlying mechanism regulating this cellulase insensitivity remains unclear, although compensatory cell wall deposition may be involved. Under defective cellulose synthesis conditions, other cell wall components, such as pectin, are produced and secreted to compensate for a lack of cellulose (Burton et al. 2000 , Fagard et al. 2000 . RIC1 is presumed to regulate local cellulose deposition positively (Fu et al. 2005 , Lin et al. 2013 . Therefore, cellulase treatments should damage the ric1-1 mutants more than the wild-type plants. Accordingly, ric1-1 plants may be highly sensitive to the effects of cellulase, and respond by secreting extra cell wall material, resulting in a longer lateral cell wall. In this context, cell numbers did not decrease following cellulase treatments in ric1-1 plants, while they decreased considerably in wild-type plants (Fig. 6E) . During the repair of damaged cucumber and tomato hypocotyl tissues, pectin biosynthesis was observed to accompany cell proliferation (Asahina et al. 2002) . This finding potentially supports our hypothesis that ric1-1 plants exhibit excessive cell wall deposition and cell division in response to cellulase-induced damage.
Application of a mathematical model to characterize pavement cell shapes: possible contribution of cell wall buckling during pavement cell morphogenesis in ric1-1 plants
In this study, we developed a mathematical model that considers protoplasm and cell wall growth (Fig. 7C, D) , restriction of global cell growth orientation (Fig. 7E ) and the regulation of local cell outgrowth (Fig. 7F) . Theoretical models have contributed to our understanding of the mechanisms mediating plant cell morphogenesis. Several computational models have been proposed for plant organogenesis in terms of branching structures (Lindenmayer 1968 , Honda 1971 , the shoot apical meristem (Smith et al. 2006 , Hamant et al. 2008 , Bozorg et al. 2014 , the floral bud (Boudon et al. 2015) and flowers (Kennaway et al. 2011) . Single cell-level analyses have also been conducted in tipgrowing pollen tubes (Bolduc et al. 2006 , Dumais et al. 2006 , Eggen et al. 2011 , Jaffar and Davidson, 2013 . A finite element method-based model predicted the spatial distribution of the mechanical properties of cell walls to achieve tip growth in pollen tubes (Fayant et al. 2010) . The predicted biomechanical distribution was similar to that of de-esterified pectins in actual pollen tubes (Fayant et al. 2010) , clearly showing the utility of the modeling approach for studying plant cell morphogenesis. In pavement cells, a finite element method-based model predicted the presence of localized stress in the concave cellular regions, suggesting downstream katanin-dependent microtubule accumulation and suppression of cell outgrowth in these regions (Sampathkumar et al. 2014) . We also proposed the interface equation model, where the cytoplasm-cell wall interface is assumed to move because of cell wall remodeling activity, depending on the unidentified signaling molecules (Higaki et al. 2016) .
We developed our mathematical model to examine whether cell interdigitation in ric1-1 plants is due to mechanical buckling of the overgrown cell wall. Previous in vivo experiments and computational simulations revealed that buckling accounts for organ-level waving morphogenesis in animal guts (Savin et al. 2011 ), tissue-level gut epithelium (Shyer et al. 2013 , Shyer et al. 2015 , the brain surface (Richman et al. 1975 , Budday et al. 2014 , dental epithelium (Takigawa-Imamura et al. 2015) and rippled leaves of plants (Liang and Mahadevan 2009) . These reports suggested the involvement of mechanical buckling in the multilevel morphogenesis of diverse organisms. Although the leaf epidermal surface is under tension during cell expansion (Sampathkumar et al. 2014) , the rapid growth and waving of the lateral cell wall in ric1-1 plants implies that the cell wall is subjected to a compressive force. This explains the development of jigsaw puzzle-like ric1-1 cell shapes (Fig. 8C) . Suppression of the RIC1-microtubule system-mediated local cell outgrowth directs cell wall bending, and may decrease the compressive force driving mechanical instability (Fig. 8A) . In ric1-1 cells, mechanical instability in the cell wall is likely to diminish cell wall integrity.
The cell wall is a three-dimensional structure. Therefore, the periclinal surface cell wall must also be transformed and remodeled during growth. We considered restricted global cell growth in our model because of the observed transversely oriented cortical microtubules beneath the cell wall surface (Fig.  7E) . However, additional improvements of the model regarding the prediction of cell shapes and the mechanics of the cell wall surface are required. In fact, interdigitated patterns were prominent in the outer cell wall surface, but less so in the inner surface, in the monocotyledonous plant Cyperus papyrus (Panteris et al. 1994) . This difference in pattern formation within a single cell is an attractive subject for future studies. Further refinements of our model would help to characterize pavement cell morphogenesis under other genetic or environmental conditions (i.e. apoplastic pH, purified cell wall degrading enzyme, etc.) in future studies.
Materials and Methods
Plant materials and hydroponic culture
We used Arabidopsis thaliana Columbia (Col-0 and Col-7; wild-type) plants as well as RIC1-overexpressing transgenic plants (Fu et al. 2005 ) and ric1-1 (Fu et al. 2005 ) and ktn1-2 (Nakamura et al. 2010) knockout mutants. We also used transgenic A. thaliana plants expressing GFP-PIP2a under the control of the Cauliflower mosaic virus 35S promoter (Cutler et al. 2000) . For cellulase treatments of cotyledon surfaces, sterilized seeds were immersed in half-strength Murashige and Skoog medium supplemented with cellulase Y-C (Kyowa Chemical Products Co., Ltd.) in 12-well plates (Sumilon Multi Well Plate; Sumitomo Bakelite Co., Ltd.). The plates were incubated in growth chambers at 23.5 C under a 12 h light/12 h dark photoperiod (100 mmol m À2 s À1 of white light). Cotyledons of 2-, 4-and 7-day-old seedlings were analyzed.
Microscopy
To visualize the epidermal cell contours in the wild type (i.e. Col-0 and Col-7), RIC1-overexpressing, ric1-1 and ktn1-2 plants, cotyledons were stained with 32 mM FM4-64 (Life Technologies) for 10 min (Akita et al. 2013 , Higaki et al. 2014b ).
The cotyledons were covered with a glass slide and observed using a confocal laser scanning microscope (FV300; Olympus). Serial optical section images (2,048 Â 2,048 pixels) of the abaxial side of the cotyledon surface were obtained at 2 mm intervals using an UPlanApo Â 10/0.40 objective lens, at a resolution of 0.7 mm pixel
À1
. To observe the cortical microtubules, cotyledons expressing GFP-tubulin (Abe and Hashimoto 2005) were observed using a spinning disk confocal laser scanning unit (CSU10; Yokogawa Electric Co., Ltd.) with a cooled CCD camera (CoolSNAP HQ2; Photometrics).
Image processing to quantify cell shapes and microtubule orientations
Using printouts of the maximum intensity projection image from the serial confocal images, the epidermal cell contours were manually traced. The tracings were imaged using a flatbed scanner to obtain binary cell images. From the binary images, the segmented cell aspect ratio, solidity and circularity were analyzed using the 'Analyze Particles' command in the ImageJ software (Abramoff et al. 2004) . Circularity was defined as 4pSL
À2
, where S and L represent the cell area and perimeter, respectively. Fitted ellipse images were also produced by the ImageJ 'Analyze Particles' command. Clustering was performed using the KbiClustering plug-in, as previously described (Higaki et al. 2012a) . To evaluate cortical microtubule orientations quantitatively, we measured the parallelness and average angles against the major cell axis of segmented cortical microtubules using the KbiLineExtract and KbiLineFeature plug-ins, as previously described (Ueda et al. 2010) .
Mathematical modeling of cell wall interdigitation
We applied a model framework that describes buckling deformation during animal tissue growth (Takigawa-Imamura et al. 2015 ). In the current study, the cell wall and protoplasm were represented as collections of particles with interacting forces. Fig. 7A provides a schematic representation of the geometry in the model for a five-cell group, with a reduced number of particles for simplicity. The structure of the lateral cell wall was simplified to a two-layered form, and closed curves contoured every cell. The outermost loop was introduced to express the effect of fictive cells surrounding the five-cell group. It was assumed that each particle interacts with its adjacent neighbors so that their distance is kept within a certain range. The interaction force was described as follows:
where F ij is a force working on the i-th particle caused by the interaction between the i-th and the j-th particles. The parameter k defines the strength of the particle interaction. The vector x i indicates a non-dimensionalized position vector of the center of the i-th particle. The distance between the i-th and j-th particles was calculated as d ij = jx i À x j j, and its optimal value was defined as d ij 0 = r i + r j , where r i is the radius of the i-th particle. The radii of the protoplasmrepresenting particles were assumed to have a continuous uniform distribution on the interval [0.85, 1.15]. The interacting force works to keep particles in contact without overlaps, so that a pair of particles attracts and repels each other when they are farther than and closer than d ij 0 , respectively. The positive and negative values of f(x) correspond to repulsive and attractive interactions, respectively ( Supplementary Fig. S13 ). The stable equilibrium point of f(x) is at x = 1. We set the cut-off ratio as x cut-off > 1 (i.e. a pair of particles no longer interact). In this study, we used the following settings: x cut-off = 1.63 and? = 2. The motion of the particle was described as follows:
where g À1 X j F ij corresponds to the velocity of the i-th particle, g corresponds to the friction coefficient and t represents the time step. The random vector z was introduced to avoid the accidental generation of a gap between particles in the simulations.
The lateral cell wall was modeled by introducing chains of particles with radii of 0.4. The particles were aligned along boundaries between the cell wall and protoplasm (Fig. 7A) . Each lateral cell wall-representing particle was assumed always to bind to successive particles in an identical chain. Thus, a sustaining interaction was introduced as follows 
where F ij wall is the force between adjacent particles in an identical chain, and k wall defines its strength. Supplementary Fig. S13 presents f wall (x) in Equation 3. To prevent the aggregation of lateral cell wall-representing particles, we assumed that the interaction between a non-successive pair of particles in an identical chain did not contain an attractive interaction (f wall (x) = 0 for x ij > 1 in Equation 3 ). The interaction between particles in distinct chains was as indicated in Equation 1.
The assumptions for cell wall bending elasticity, cell growth, the ROP6/RIC1 domain and restriction of global cell growth orientation are described in the Supplementary Materials and Methods. The time development of the particles was calculated using C++. The number of particles in the initial state was 389 for the cell wall and 692 for the protoplasm. The number of particles increased to 693 for the cell wall and 1,380 for the protoplasm after 33,000 time steps. In this study, k = 50, g = 25, k wall = 60 and p protoplasm = 2.0 Â 10
À5
. Values for the other parameters are provided in each panel in Fig. 8 .
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